n e w s a n d v i e w s n e w s a n d v i e w s the adaptive nature of a memory system that may be less about retrieving the past and more about using it to behave adaptively in an ever changing present and an unknown future.
The adaptive nature of memory begs the question of whether intentionally erasing pain ful experiences from mind, as Joel did at Lacuna, Inc., is a smart thing to do. Rather than losing our negative memories, which could be down right dangerous and doom us to repeat our mis takes, might it not be better to harness the power of reconsolidation to learn from our mistakes instead? Diekelmann et al. 3 , in this fascinating study of sleep and hippocampusdependent memory reconsolidation, show us that SWS is not the time for this. Future studies should determine whether REM sleep might be.
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The author declares no competing financial interests. When memories are reactivated during REM sleep, transient destabilization might loosen synaptic connections binding com ponents of experience in the hippocampus (or in hippocampalneocortical ensembles) while activating more distant (weakly associ ated) corticocortical connections. As hippo campal connections are loosened, transfer to neocortical storage sites would support fun damental changes to the memory, including schematization, incorporation of less obvious or less familiar associations, and broadening of semantic networks. REM sleep might pro vide the ideal neurochemical milieu for such restructuring: acetylcholine levels are high, hippocampal output is blocked (perhaps allowing unchecked communication within corticocortical links in the absence of hippo campal indexing), cortisol is elevated 11 and the immediateearly gene Egr1, also known as Zif268 and apparently important for reconsoli dation 14 , is expressed 15 . It remains to be tested whether similar molecular mechanisms are involved in the memory stabilization during SWS seen by Diekelmann et al. 3 .
Diekelmann et al. 3 wisely focused on SWS, demonstrating that reactivation during this state is involved in memory stabilization. Future experiments will have to address REM sleep's role in reactivation and labilization of memories, as well as how such labilization might help build schemas and detect hidden connections. The different stages of sleep and wakefulness might provide different opportu nities to reactivate memories, and reactivation during these different neurochemical states could have vastly different effects on memory. The Diekelmann et al. study 3 represents an exciting first step in understanding how and when memories form, persist and change, and raises fascinating theoretical questions about theory can account for such memory updating during wakefulness 1, 5, 6 . But can it also account for more drastic forms of memory restructur ing? In many cases, our longterm memories are not faithful reproductions but are instead reconstructions or even distortions of experi ence 7 . Thus, a memory may not be so much a fixed entity as a dynamic process that changes with the passage of time. Although this might seem strikingly maladaptive, such plasticity in memory might allow us to flexibly recombine stored information so that we can develop insight into hidden rules 8 , integrate informa tion and draw inferences 9 , generalize and selec tively remember some aspects of experience while forgetting others 10 . Notably, all of these effects require time and sleep to emerge. But given that SWS appears to stabilize memories, when do these changes occur?
The current findings raise the question of what effect(s) memory reactivation during other stages of sleep, particularly REM sleep, might have. Unlike SWS, REM sleep is a highly active brain state that might allow for memory transformations in which knowledge is restructured in useful, adaptive and sometimes highly creative ways. REM sleep and a process known as unbinding were recently suggested as being critical factors for inducing qualita tive transformation of memory 10, 11 . If literal remembrance of an experience requires bind ing its various features to maintain an intact representation in memory 7 , then unbinding those features may be critical for memory restructuring (Fig. 1) . REM sleep may be responsible for these changes, with studies directly demonstrating a role for REM sleep in creative problem solving 12 and the priming of distant semantic associates 13 . If unbind ing during REM sleep is involved in major memory modification, how might it work?
Presynaptic nMda receptors also make the switch
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A study shows that NR3A-containing presynaptic NMDA receptors regulate glutamate release, and that a switch in subunit composition underlies the developmental loss of spike timing-dependent LTD at cortical synapses.
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In spike timing-dependent plasticity (STDP), the precise temporal association of pre and postsynaptic spiking events bidirectionally regulates synaptic strength. STDP is impor tant for the maturation of neuronal circuits and could be altered in disease states. Owing to their specialized gating properties, both pre and postsynaptic NMDA receptors (NMDARs) function as excellent coinci dence detectors, and NMDARs are known to modulate spike timing-dependent longterm potentiation and depression (tLTD) at many cortical synapses 1 .
In the primary visual cortex, there is a develop mental switch at visual cortical synapses that reduces spontaneous glutamate release and the ability to induce tLTD 2 , for which the molecu lar basis has been unknown. Using an impres sive combination of genetic, pharmacological and histological approaches, Philpot and col leagues 3 now report how the regulated expres sion of the NR3A subunit can account for a developmental switch of presynaptic NMDAR nature neuroscience volume 14 | number 3 | mArCH 2011 n e w s a n d v i e w s (preNMDAR) composition and function, and show that ablation of NR3A subunit prevents the induction of tLTD at young visual cortex layer 4 to layer 2/3 (L4-L2/3) synapses. Although this specific molecular mechanism of regulating preNMDARdependent STDP may not be universal, these findings increase our understanding of how pre and postsynap tic NMDARs cooperate as coincidence detec tors to regulate STDP at certain synapses.
NMDARs are heterotetramers comprising two obligatory NR1 subunits and two NR2 and/or NR3 subunits 4 . They function well as coincidence detectors because their gating requires both the binding of glutamate and membrane depolarization to release a mag nesium ion that blocks the channel pore at negative resting potentials. NR2 subunits bind glutamate, whereas NR1 and NR3 subunits bind the coagonist glycine. Heterodimeric receptors containing NR2A and/or NR2B have high affinity for Mg 2+ , whereas those with NR2C, NR2D or NR3 subunits are less sensitive to block by Mg 2+ . Because NR2 and NR3 subunits also affect channel opening duration, NMDAR subunit composition criti cally determines channel gating and the extent of calcium ion permeation, which is impor tant for facilitating neurotransmitter release by preNMDARs and modulating synaptic plasticity during development at both sides of the synapse 5, 6 . Elucidation of NMDAR composition in vivo has been hampered by the lack of specific pharmacological reagents that selectively target distinct NMDARs het eromers, particularly those imparting low Mg 2+ sensitivity.
After a brief temporal window that coin cides with the onset of sensory experience, there is a developmental switch at visual cortical synapses that reduces spontaneous glutamate release dependent on preNMDAR opening and reduces induction of tLTD, pro cesses generally associated with stabilization of sensory maps 2 . A common property of preNMDARs in slice preparations, particu larly at L4-L2/3 synapses, is that they facilitate spontaneous and evoked neurotransmitter release more effectively and can show reduced sensitivity to Mg 2+ block during early postna tal development 1, 5 . Taking this into account, Larsen et al. 3 began by analyzing the relative expression of NMDAR subunit protein at dif ferent ages: before postnatal day 20 and after postnatal day 23. They found that the develop mental decrease of NR3A protein levels parallels the loss of preNMDARdependent spontaneous neurotransmitter release at L4-L2/3 synapses, suggesting that this shift in NR3A subunit abundance could underlie the developmental loss of tonic preNMDAR activity. Traditionally there has been a predi lection to consider a role of NR2C or NR2D containing NMDARs when studying receptors with lower sensitivity to voltagesensitive Mg 2+ block, so the potential role for NR3A, as suggested by this subunits expression profile, was unexpected.
To delineate the potential role of NR3 in preNMDARs at L2/L3 neurons during develop ment, the authors first measured spontaneous miniature excitatory postsynaptic currents (mEPSCs) in cortical slices prepared from NR2A and NR2D knockout mice of different ages, using the activitydependent NMDAR blocker MK801 in the intracellular record ing solution to block postNMDARs (Fig. 1a) . Spontaneous mEPSCs in NR2A and NR2D knockouts were the same as those in their wildtype littermate controls, thus exclud ing a contribution of either subunit, espe cially NR2D. In stark contrast, spontaneous mEPSCs in young NR3A null mice were significantly reduced and similar to those measured in adults, strongly suggesting that n e w s a n d v i e w s n e w s a n d v i e w s interesting to determine the universality of the NR3A subunit switch and its potential to regu late the specificity of synaptic connections onto L2/3 neurons. The developmental preNMDAR sub unit switch coincides with a loss of tLTD, a mechanism that has been associated with the refinement of tectal maps in response to visual experience 9 . Interestingly, Larsen et al. 3 report that tLTD cannot be induced at L4-L2/3 synapses in slices from young mice either treated with Ro256981 or obtained from NR3A knockout mice. In contrast, tLTD is unaffected at these synapses in NR2D null mice, suggesting that the switch from NR3A and NR2Bcontaining trimeric preNM DARs to dimeric NR2Bcontaining receptors underlies the developmental loss of tLTD at L4-L2/3 synapses.
Why synapses lacking NR3A fail to induce tLTD is not evident from this work. A differ ent study recently reported that maximum 'large' Ca 2+ accumulation and facilitation of transmitter release occurs at presynaptic Schaffer collateral buttons when preNMDAR autoreceptors are selectively activated at theta frequencies 10 , suggesting that matching of net work frequency with preNMDAR properties may be important for synaptic integration and modulating plasticity. It remains to be tested whether NR3Acontaining preNMDARs are necessary for regulating the temporal integra tion of stimuli and/or calcium accumulation to modify the probability of neurotransmit ter release. Additionally, NR3Acontaining preNMDARs may synergize with other types of mechanisms that detect coincident activ ity between pre and postsynaptic spiking, as previously reported for the role of retrograde cannabinoid signaling in tLTD in visual 11 and somatosensory 12 cortices.
The work by Larsen et al. 3 raises a series of intriguing questions relevant to the poten tial role of NR3Acontaining preNMDARs, not only in the developing visual cortex but also in the adult brain. A common feature at visual, sensory and entorhinal cortical syn apses is the progressive loss of preNMDAR mediated spontaneous glutamate release during development 5 ; however, the reduction of preNMDAR function may not be irrevers ible. Expression of preNMDARs reemerges at adult synapses after pilocarpineinduced chronic seizures 13 , and some anticonvul sant drugs, such as felbamate, target these receptors selectively 14 . If the developmental regulation of preNMDARs in the visual and entorhinal cortices is similar, it suggests that NR3A expression is reversible and may be a potential molecular target for existing 14 or future anticonvulsant drugs.
L4 synaptic terminals harbor NR3Acontaining preNMDARs early in development. The possible contribution of NR2C subunits was not considered because its expression is un detectable in cortical neurons using highly sensitive techniques 7 .
Three more experiments strongly support the conclusion that an NR3A subunit switch in preNMDARs regulates spontaneous and evoked glutamate release during development. First, the authors show that transgenic mice that begin to overexpress NR3A in excitatory neurons at a time that approximately coin cides with downregulation of endogenous NR3A in the visual cortex show preNMDAR driven spontaneous mEPSCs in L2/3 neurons into adulthood. Second, pairedpulse ratios of evoked excitatory postsynaptic potentials during early development change from facili tating to depressing in NR3A null mice and are similar to ratios in adult mice. Last, NR3A immunoreactivity is observed at presynaptic terminals of L2/3 asymmetric synapses, close to active zones, in cortical sections from young mice; an earlier study by the authors did not detect presynaptic NR3A immunoreactivity in sections from adult mice.
Do preNMDARs at L4-L2/3 synapses include other subunits? Based on pharma cological experiments using NR2A and NR2Bselective antagonists, preNMDARs at somatosensory, entorhinal and visual corti cal synapses are thought to contain NR2B (reviewed in ref. 6). Because NMDARs com prising NR1 and NR3A are gated by glycine and not glutamate 4 L4-L2/3 preNMDARs could be expected to contain NR2B. Indeed, Larsen et al. 3 found that the NR2B antagonists Ro256981 and ifenprodil reduced preNM DARmediated spontaneous mEPSC fre quency in slices from young mice. Intriguingly, removal of extracellular Mg 2+ uncovered the potential existence of NR2Bcontaining pre NMDARs in slices from older mice, suggesting that tonic glutamate release at mature L4-L2/3 synapses is regulated by extracellular Mg 2+ .
The authors therefore conclude that at young L4-L2/3 synapses, preNMDARs are heterotrimeric complexes composed of NR1, NR2B and NR3A, but that they switch to NR1 and NR2Bcontaining heterodimeric receptors during synaptic maturation (Fig. 1b) . These findings, taken together with earlier work on postNMDARs, indicate that developmental changes of NMDAR subunit composition can occur at both sides of the synapse. Given the similarities in preNMDAR developmental expression and plastic properties of ascend ing excitatory synapses onto L2/3 pyramidal neurons in different cortical areas, in contrast to parallel withinlayer synapses 8 , it will be Another question raised by the study of Larsen et al. 3 is whether NR3Acontaining preNMDARs are expressed at heterologous terminals (for example, GABAergic). The present study has focused on preNMDARs at asymmetric glutamatergic synapses, where they function strictly as autorecep tors. However, preNMDARs are found in axons and terminals of GABAergic neurons in the cortex and cerebellum 6 . In GABAergic neurons, heterosynaptic preNMDARs coor dinate glutamate and GABA release and consequently regulate excitatory/inhibi tory balance. The role of preNMDARs on GABA terminals is of fundamental interest for understanding mechanisms that regulate experiencedependent refinement of neu ronal connections and excitatory/inhibitory balance, which has important implications for cognitive functions altered in psychi atric disorders. So far, most theories of the association of NMDAR hypofunction with schizophrenia have focused on postsynaptic, but not presynaptic, receptors (see ref. 15) . Taking into account the importance of pre NMDAR function for bidirectional STDP, modulation of neurotransmitter release and regulation of excitatory/inhibitory balance, and the possibility that preNMDARs can reemerge under maladaptive conditions, it is important that future studies on the association of NMDAR hypofunction with cognition and schizophrenia recognize that switches in NMDAR composition and func tion can occur at both sides of the synapse.
